The syntaxin 11 (STX11) 
Introduction

Familial hemophagocytic lymphohistiocytosis (FHL) is a rare genetic disease, which typically manifests in infancy as rapidly developing systemic fatal inflammation (reviewed in
Refs. [1] [2] [3] ). [4] [5] [6] [7] [8] [5, 7] . STX11 and its recently identified binding partner STXBP2/Munc18-2 [4, 9] [10] . However, the exact molecular function of STX11 remains unknown.
Mutations in the genes encoding perforin (PRF1), Munc13-4 (UNC13D), syntaxin 11 (STX11) and syntaxin-binding protein 2 (STXBP2) have been linked to FHL cases categorized as FHL2, FHL3, FHL4 and FHL5, respectively
. All these genes are involved in the cytolytic activity of NK cells and/or cytotoxic T-lymphocytes (CTLs) that is mediated through exocytosis of specialized granules containing perforin and granzymes. FHL is believed to result from the impaired capacity of NK cells and CTLs to eliminate their targets, which consequently leads to lymphocyte hyperactivation and abnormally increased production of proinflammatory lymphokines. Perforin is required for delivery of granzymes to target cells, whereas Munc13-4 has been suggested to prime cytotoxic granules for fusion with the cell membrane after their docking at the immunological synapse, that is the contact area between the cytotoxic cell and its target
Cytotoxic granule release was long viewed as a single membrane fusion event involving one vesicular structure and the plasma cell membrane. However, it has been recently demonstrated that Munc13-4 is segregated from cytotoxic granules in a different vesicular compartment [11] , which also contains Rab27a, a small GTPase, whose deficiency is associated with Griscelli syndrome characterized by FHL-like disorder and depigmentation of hair and skin [12] 
. Rab27a is required for the delivery of cytotoxic granules and melanosomes to the plasma membrane in cytotoxic lymphocytes and melanocytes, respectively. In T cells, specific activation leads to partial colocalization of Rab27a/Munc13-4 containing vesicles with cytotoxic granules at the immunological synapse [11]. This indicates that lytic granules and important components of the exocytic machinery are separated into different vesicular compartments in resting lymphocytes and fuse at the time of T cell activation. The place and role of STX11 in this process remains to be characterized. Analysis performed in this study demonstrates unusual regulation of STX11 in that its expression in human NK cells is strictly dependent on the functional proteasome-mediated protein degradation pathway. We also show that in resting NK cells STX11 is expressed in a subcellular compartment, which is distinct from cytotoxic granules and Rab27a-containing vesicles in resting NKL cells but colocalizes with these structures at the immunological synapse of activated NK cells. Comparative analysis of STX11-expressing and STX11-deficient CD8 ϩ activated T cells suggested that STX11 facilitates fusion of Rab27a/Munc13-4-expressing vesicles with cytotoxic granules. These data reveal a previously unknown level of spatial/temporal complexity in the regulation of exocytosis in cytotoxic lymphocytes, which may be important for strict control over release of cytotoxic granules from NK cells.
Materials and methods
Constructs
The 
Cytotoxicity assay
Cytotoxic activity of NK cells and CTLs was measured in 51
Cr-release assays performed as described [16, 17] 
Immunofluorescence microscopy
HeLa and SK-N-BE adherent cells were incubated overnight on poly-D-
Results
Several mechanisms control STX11 expression in a cell-type-specific manner
Immunostaining and confocal microscopy were previously used to visualize STX11 in monocytes, neutrophils, T and NK cells [4, [18] [19] [20] (Fig. 2) , a lysosomal marker known to be associated with cytotoxic granules [21] Fig. 2A and data not shown) .
Enzymatic activity of the proteasome has been shown to positively regulate several promoters [22] [23] [24] (Fig. 2B) . Other proteasome inhibitors, MG262 and MG132, also induced STX11 down-regulation in NKL cells (Fig. S1 and data not shown). Treatment with lactacystin induced the same effect in NK92 and KHYG-1 cells (Fig. 2C) as well as primary NK cells purified from the peripheral blood of a healthy blood donor (Fig. 2D) . Compared to NK cells, the effect of lactacystin on STX11 (Fig. 4) . [25] . We next set out to investigate the role of STX11 in CTL-mediated cytotoxicity because degranulation of STX11-deficient CTLs was analysed only in response to polyclonal activation and their specific cytotoxic activity has not been assessed directly [4, 25] (Fig. 6B) . (Fig. 6B) . Release of cytotoxic granules from STX11-deficient CTLs was also demonstrated by their decreased perforin staining observed after specific stimulation (Fig. S3) . Thus, STX11-deficient CTLs do not exhibit any apparent defects of cytotoxic capacity.
STX11 is expressed in intracellular structures largely overlapping with the CD-M6PR-expressing vesicular compartment in NK cells
Having analysed regulation of STX11 expression in several cell types, we next investigated the subcellular localization of the protein in NK cells. Three variants of STX11 encoding plasmids were produced for this study. A variant of STX11 carrying the c-Myc-tag at the amino terminus, failed to be expressed in NKL or HeLa cells (data not shown). A GFP-fusion of STX11 exhibited an unusual behaviour upon expression in HeLa cells. The fusion protein was initially detected in discrete uniformly distributed cytoplasmic patches, but then accumulated in the perinuclear region where the GFP signal gradually decreased until its complete disappearance between 72 and 96 hrs post-transfection (Fig. S2). In contrast, the 3FLAG-tagged STX11 was detected in different cell types and subjected to the same type of proteasome-dependent regulation as the wild-type protein (Figs 1A and 2A). Consistent with the lack of STX11 overexpression observed by Western blotting, immunostaining and fluorescence microscopy revealed FLAG-specific staining only in 5-10% of pCMV-3FLAG-STX11-transfected NKL and 10-15% of HeLa cells but was detected in the majority of transfected neuroblastoma cells. In all cases, FLAG-STX11 staining exhibited a patchy distribution indicating association with cytoplasmic vesicular structures (Fig. 3A). Costaining of 3FLAG-STX11-expressing NKL cells with the relevant antibodies revealed a significant extent of overlap between STX11 and CD-M6PR, a well-characterized marker of late endosomes and the trans-Golgi network (Fig. 3B), consistent with previously demonstrated colocalization of these proteins in HeLa cells [10]. Subcellular fractionation of NK cell lysates identified STX11 in the membrane fraction (data not shown), also consistent with the vesicular nature of the STX11-expressing compartment. © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 3 STX11 resides in a subset of CD-M6PR-expressing vesicles in NKL cells. The indicated cell lines were stably transfected with the pCMV-3FLAG-STX11 plasmid and subcellular localization of STX11 was identified by staining with FLAG-specific antibodies alone (A) or in combination with CD-M6PR-specific antibodies (B) and confocal microscopy. The scale bars correspond to 5 m. Analysis of 30 randomly selected individual cells generated an overlap coefficient of 0.74 Ϯ 0.1 for CD-M6PR-and STX11-specific signals.
To establish the relationship between STX11-containing structures, Rab27a-expressing vesicles and cytotoxic granules we performed immunostaining of non-activated 3FLAG-STX11-transfected NKL cells with FLAG-, perforin-and Rab27a-specific antibodies in different combinations. Analysis of images obtained by confocal microscopy revealed localization of these proteins in three clearly distinct non-overlapping compartments
STX11, Rab27a and perforin colocalize at the immunological synapse in activated NKL cells
Specific activation has been reported to induce colocalization of Rab27a/Munc13-4 expressing vesicles and cytotoxic granules in T cells [11]. After activation of NKL cells by MHC class I-deficient K562 target cells, the three types of intracellular structures defined by expression of STX11, Rab27a or perforin accumulated at the contact area between the effector and target cells (Fig. 5). Confocal microscopy confirmed partial colocalization of STX11 with
Rab27a, STX11 with perforin as well as perforin with Rab27a at the area of immunological synapse in activated NKL cells.
Activated STX11-negative T cells exhibit no apparent deficiency of their cytotoxic potential
NK cells from STX11 deficient individuals exhibit impaired degranulation but regain their cytotoxic capacity after a short period of culture in IL-2-containing medium
CMA treatment completely abrogated lysis of target cells by CTLs of healthy donors at the majority of time points. Low level of CMAinsensitive killing observed at later time points was completely blocked by inhibition of Fas/FasL interactions (data not shown
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Fig. 7 Spontaneous and activation-induced colocalization of perforin and Rab27a in STX11-deficient and STX11-proficient CTLs. CTLs from a healthy donor (A) and FHL patient 1 (B) were analysed by immunostaining with perforin-or Rab27a-specific antibodies and confocal microscopy either directly from culture (i, ii) or after 20 min of activation by coincubation with MON-B1 LCLs (iii). Images representative for nonactivated CTLs which did not exhibit detectable overlapping of perforin-and Rab27a-specific signal (i), images of cells in which colocalization of the signals was observed without specific CTL activation (ii), and re-localization of perforin and Rab27a into the area of immunological synapse following activation with MON-B1 cells (iii) are shown. (C) The extent of colocalization of the two signals was calculated as overlap coefficient assessed for 30 individual cells observed in 10-
STX11-deficient CTLs exhibit decreased spontaneous association of the Rab27a and perforin expressing compartments
Sequence homology of STX11 with other SNARE proteins suggests its participation in the process of membrane fusion [10, 27] . (Fig. 2) 
Colocalization of STX11 with Rab27a-containing vesicles and cytotoxic granules at the immunological synapse formed by NKL cells indicated that STX11 may promote the fusion of these two compartments. We speculated that STX11 still performs such a function in activated CTLs even though their degranulation is not significantly affected in the absence of the protein. Distribution of Rab27a and perforin was analysed in STX11-negative and STX11-expressing
